MicroRNA (miRNA) influences carcinogenesis at multiple stages and it can effectively control tumor radiosensitivity by affecting DNA damage repair, cell cycle checkpoint, apoptosis, radio-related signal transduction pathways and tumor microenvironment. MiRNA also efficiently modulates tumor radiosensitivity at multiple levels by blocking the two essential non-homologous end-joining repair and homologous recombination repair pathways in the DNA damage response. It interferes with four radio-related pathways in ionizing radiation, including the PI3-K/Akt, NF-κB, MAPK and TGFβ signaling pathways. Moreover, the regulatory effect of miRNA in radiosensitivity can be enhanced when interacting with various key molecules, including H2AX, BRCA1, ATM, DNA-PK, RAD51, Chk1, Cdc25A, p53, PLK1, HIF-1 and VEGF, which are involved in these processes. Therefore, thoroughly understanding the mechanism of miRNA in tumor radiosensitivity could assist in finding novel targets to improve the radiotherapeutic effects and provide new clinical perspectives and insights for developing effective cancer treatments.
Introduction
Radiotherapy is an important modality in tumor combinational treatment and is used for treating multiple tumors with good therapeutic effects [1] . Moreover, when radiotherapy is combined with chemotherapy, surgery or other targeted therapies, treatment efficiency is improved and recurrence and cancer death rates are reduced [2] . Conversely, many tumors exhibit characteristics of radioresistance, which will affect radiotherapy efficacy. Thus, the question of how to reduce tumor radioresistance and improve tumor radiosensitivity is a hot topic in the tumor radiotherapeutic field.
Tumor radiosensitivity is associated with multiple factors and many diverse approaches are needed to optimize radiosensitivity. A total strategy for successful tumor radiotherapy is probably linked with approaches for increasing the radiosensitivity of tumor tissue. This means obtaining a maximal killing of tumor cells, while promoting an optimal reduction of acute and chronic normal tissue damage and decreasing adverse side effects [3] [4] . Three characteristics of tumor tissue affect the consequences of radiotherapy. These characteristics include the degree of tumor tissue hypoxia, the survival ability of remaining tumor cells at 6-7 weeks post-radiotherapy and the capability of tumor cells to develop radioresistance [5] . Other factors, such as infiltration of inflammatory cells and generation of bone marrow derived cells, have a pronounced effect on tumor angiogenesis and tumor microenvironment (TME), which also affect tumor radiosensitivity [6] . Therefore, a thorough investigation and elucidation of factors involved in tumor radiosensitivity will increase our understanding in the emerging field of tumor radiotherapy.
A microRNA (miRNA) is defined as a small regulatory RNA molecule that consists of non-coding small RNA of about 22 nucleotides in length. MiRNA binds to the 3′-untranslated regions (3′-UTR) of target genes in a complete or in an incomplete complementary manner through its 'seed sequence' in the 5′-region and controls expression of target genes at the post-transcriptional level. The miRNA coding gene is first transcribed into a pri-miRNA, which is a double-strand stem-loop RNA about 300-1000 nucleotides long. Dorsha, a Class 2 RNase III enzyme, catalyzes the conversion of pri-miRNA into pre-miRNA of about 70-90 nucleotides long [7] . The Exportin-5/Ran-guanosine triphosphate complex promotes the transfer of pre-miRNA through the nucleus to the cytoplasm and then the Dicer enzyme catalyzes the removal of the stem-loop structure. Finally, the helicase degrades one of the complementary strands leaving a mature single-strand to exert biological functions [8] . The mature miRNA 5′-end includes a phosphoric acid and the 3′-end contains a hydroxyl group, which makes miRNAs different from the degraded small cytoplasmic RNA fragments. As mature miRNA is generated, it enters a nuclear protein complex and forms the RNA-induced silencing complex. In this way, it functions by targeting the messenger RNA (mRNA) of target genes to regulate gene expression at the post-transcriptional level and ultimately influences target gene translation and protein expression [9] .
Multiple steps are involved in the regulation of target genes by miRNA. Notably, one miRNA can regulate the expression of many genes, and one gene can also be regulated by multiple miRNAs. Thus, miRNA and its target genes comprise a complicated interactive network, accompanied by various transcription factors and signaling molecules, which are all involved in carcinogenesis [10] . The latest research findings indicate that miRNAs affect various biological processes in carcinogenesis and play an important role in tumor development by influencing tumor cell growth, differentiation, apoptosis and cell cycle. Additionally, a promising role of miRNA in carcinogenesis is also emerging and miRNA was shown to be closely related to the process of epithelial-mesenchymal transition, properties of cancer stem cells, the initiation of tumor invasion and metastasis, and the therapeutic response to chemo-or radiotherapy [11] [12] [13] .
In this review, we primarily illustrate the detailed regulatory mechanisms of miRNA in tumor radiosensitivity from diverse aspects, including the modulation of DNA damage repair, cell cycle checkpoint, apoptosis, radio-related signal transduction pathways and TME. We also highlight the clinical perspectives of miRNA in the future diagnosis and treatment of tumors and further present the significance of exploring new mechanisms and discovering novel targets to improve the therapeutic effects of radiotherapy.
Regulatory mechanism of miRNA in DNA damage repair
The tumor genome is characterized by genetic instability and defects in DNA damage repair ability. Concurrently, cancer cells initiate other backup signaling pathways to repair DNA damage induced by radiation [14] . Blocking these pathways causes a tumor to become radiosensitive, whereas normal tissue surrounding the tumor can become relatively resistant to radiotherapy [15] . Thus, controlling cellular reactions to radiotherapy by inhibiting DNA damage repair is a major focus in the translational radiotherapeutic research field.
Radiotherapy-or ionizing radiation-induced DNA damage in tumors triggers the DNA damage response (DDR) and activates multiple intracellular signaling transduction pathways involved in post-transcriptional regulation. Activation of DDR also determines whether cells repair DNA damage or undergo apoptosis when too much damage has occurred [16] . DNA damage repair includes base excision repair, single-strand break repair and double-strand break repair [17] [18] . Tumor cells utilize two major pathways to repair double-strand breaks (DSBs), including the non-homologous end-joining (NHEJ) repair pathway, a fast but error-prone process in the G 0 /G 1 cell cycle phase, and the homologous recombination (HR) repair pathway, a slow and error-free process occurring in the S/G 2 phase [19] [20] [21] . During the DNA double-strand break repair process, multiple molecules, including the DNA damage sensors H2AX, MDC1, BRCA1, RAD50, NBS1, RNF8, the transducers ATM, ATR, and the effectors DNA-PK, Ku70/80, XRCC4, LIG4, RAD52, RAD51, BRCA1 and BRCA2, function in the DDR pathway [22] [23] [24] [25] [26] .
MiRNA is involved in regulating the expression of important targets in the DDR pathway at the post-transcriptional level [27] [28] . For example, miRNA-24 (miR-24) downregulates the expression of histone H2AX and suppresses DNA damage repair. Terminally, differentiated cells reduce the capability to repair DNA DSBs. MiR-24 is upregulated in differentiated blood cells, but a target of miR-24, H2AX, exhibits downregulation of its mRNA and protein levels. When DNA double-strand damage occurs, miR-24 reduces genomic stability and DNA damage repair ability by regulating H2AX expression [29] . Moreover, miR-24-mediated downregulation of H2AX increases cell death after DNA damage. Overall, suppressing miR-24 expression in differentiated tumor cells promotes DNA double-strand break repair and reduces cellular sensitivity to DDR [29] [30] . MiR-421 regulates the ATM gene and the N-myc oncogene acts as a transcription factor on the miR-421 promoter region to upregulate miR-421 expression [31] . In this way, a new linear signaling pathway (i.e. N-Myc/miR-421/ATM) is established to play a role in regulating DNA synthesis in cell cycle S phase and in promoting tumor radiosensitivity. These findings provide new potential therapeutic targets for regulating the ATM-dependent DDR.
MiR-101 reportedly targets both DNA-PKcs and ATM to sensitize tumors to radiation. Thus, miR-101 will probably become a therapeutic agent to target DNA repair genes and enhance the effects of radiation mediated through multiple targets and pathways [32] . MiR-210 and miR-373 are upregulated in hypoxic cells, which contain high levels of hypoxia inducible factor-1 (HIF-1)α, and also regulate the expression of multiple factors in DNA damage repair pathways. Overexpression of miR-210 suppresses RAD52 expression, which is a crucial factor in DNA HR repair. Forced expression of miR-373 reduces expression of the nucleotide excision repair protein RAD23B and RAD52 [33] . Luciferase reporter assays demonstrate that miR-210 and miR-373 bind to the 3′-UTR of the RAD52 and RAD23B genes, respectively, indicating that these miRNAs expressed in hypoxia play a part in regulating proteins in the DNA HR and nucleotide excision repair pathways [34] . Thoroughly elucidating the regulatory mechanisms of miRNA in the DNA damage repair process will provide new insights into tumor radiosensitivity.
Regulatory mechanism of miRNA in cell cycle checkpoint and apoptosis Tumor cells often exhibit at least one cell cycle checkpoint defect and especially at the G 1 /S phase checkpoint. Therefore, inhibiting the transition of other remaining checkpoints should prevent cell cycle progression and reduce DNA damage repair time, resulting in more tumor cells killed by radiotherapy [35] . Thus, using checkpoint inhibitors (e.g.) Chk1 and Chk2, to block cell cycle progression, could impact tumor radiosensitivity. Currently, this method was developed for clinical trials and is intended to enhance the cytotoxicity of antitumor drugs and radiotherapy efficacy [36] [37] . In addition, inhibiting ATM, ATR and downstream proteins, such as Cdc25A, Chk1, Chk2, Cdk2, p53, p21, PLK1 or WEE1, can improve tumor radiosensitivity and hinder the DNA damage repair process [38] . Apoptosis is controlled by ATM and ATR and altering the function of apoptosis-associated proteins, such as p53, FAS, PUMA and Bax, could promote apoptosis and enhance radiotherapeutic effects [39] [40] .
MiRNA participates in regulating cell cycle checkpoint and apoptosis. In the G 1 /S phase, many molecules, including Chk1, Chk2, p53, MDM2, p21, cyclin E, Cdk2 and Cdc25A, are controlled by miRNAs [41] [42] . In the intra-S phase, miRNA regulates the expression of Chk1, Chk2, cyclin E, Cdk2, Cdc25A and SMC1. In the G 2 /M phase, the expression of Chk1, Chk2, p53, p21, cyclin B, Cdk1, Cdc25A, Cdc25B, Cdc25C, PLK1 and WEE1 are influenced by miRNAs [43] [44] . During tumor cell apoptosis, miRNA modulates the expression of p53, Fas, NOXA and the Bcl-2 family [45] [46] , which contains proapoptotic factors (Bax, Bad, Bak, Bim and PUMA) and antiapoptotic factors (Bcl-2, Bcl-xL and Mcl-1). Downregulation of miR-17-5p upregulates the expression of Bim, which leads to the inhibition of Bax expression [47] . Upregulation of miR-101 and miR-1 represses Mcl-1 expression, whereas increasing the expression of miR-15b, miR-16 or miR-34a,b,c, accompanied by decreased miR-21 expression, contributes to Bax inhibition [48] . Moreover, suppression of Bax by proapoptotic factor Bim and antiapoptotic factors Mcl-1 and Bcl-2 enhances the permeability of mitochondrial membranes and induces cytochrome C and apoptosis-induced factor release, culminating in apoptosis [49] .
MiR-372 acts as a tumor suppressor and targets cdk2 and cyclin A1 gene expression and regulates cell cycle progression and inhibits tumorigenesis. When miR-372 is downregulated, it not only promotes tumor cell proliferation but also speeds up S/G 2 cell cycle phase progression. Thus, miR-372 contributes to initiation and development of cancer [50] . Overexpression of miR-29c suppresses cyclin E expression by binding to its 3′-UTR, inducing G 1 /G 0 phase arrest and inhibiting tumor cell proliferation. In squamous cell carcinomas, miR-29c is usually expressed at a level that is too low to induce G 1 / G 0 phase arrest, resulting in the growth and proliferation of tumor cells [51] . MiR-504 binds to two sites of the 3′-UTR in the p53 gene and negatively regulates p53 expression. Overexpression of miR-504 decreases p53 protein level in tumor cells and affects p53 transcriptional activity and apoptosis and cell cycle arrest mediated by p53 in response to stress. All of these effects induced by miR-504 ultimately promote carcinogenesis [52] .
MiR-21 negatively regulates Cdc25A expression and cell cycle progression. By targeting Cdc25A, miR-21 delays the transition of the G 1 /S phase, inhibiting tumor cell proliferation. Also, the downregulation of Cdc25A expression induced by miR-21 activates changes in the G 2 /M checkpoint induced by DDR and affects the radiosensitivity of tumor cells [53] . In addition, miR-100 downregulates the expression of PLK1, which controls many stages of mitosis, and the overexpression of PLK1 corresponds with tumor radioresistance and poor clinical prognosis. MiR-100 suppresses PLK1 mRNA and protein levels and leads to decreased Cdc25C expression. When combined with radiotherapy, miR-100 induces G 2 /M phase arrest, activates caspases 3 and 7 and increases DNA DSBs and apoptosis. Concurrently, G 2 /M phase arrest is associated with aberrant spindle formation, which further contributes mitosis arrest [54] . Thus, low expression of miR-100 causes overexpression of PLK1, which in turn speeds up tumor progressios. Combining chemotherapeutic targeting of PLK1 with radiotherapy should promote mitotic catastrophe, increase cytotoxicity and offer an opportunity to effectively treat more tumors. Thoroughly understanding this regulatory mechanism of miRNA in cell cycle checkpoint and apoptosis should help improve radiotherapeutic effects by adding additional strategies to block or interfere with cell cycle progression (Figure 1 ).
Regulatory mechanism of miRNA in radio-related signal transduction pathways Four well-studied pathways are confirmed to play a role in radiotherapy and are closely associated with radiosensitivity. Three pathways, PI3-K/Akt, nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK), are regarded as survival pathways for ionizing radiation. The fourth pathway, transforming growth factor-β (TGFβ), indirectly affects tumor radioresistance by activating the expression of the ATM gene [55] [56] [57] [58] [59] [60] [61] . All four signaling pathways could have a major impact on tumor radioresistance just by their effect on apoptosis and DNA damage repair processes. The specific Regulatory mechanisms and clinical perspectives of MiRNA regulatory mechanism begins when tumor cells are inflicted with ionizing radiation or when intracellular receptor tyrosine kinases are activated by epidermal growth factor or insulin-like growth factor and the PI3-K/Akt, MAPK/extracellular signal-regulated kinases (ERKs) and NF-κB pathways are subsequently activated as cascades [62] [63] . Activation of the PI3-K/Akt and MAPK/ERKs pathways suppresses expression of downstream target genes, including proapoptotic genes Bad and Bim. In contrast to these pathways, the NF-κB pathway enhances expression of the antiapoptotic protein, Mcl-1 [64] [65] . Furthermore, changes in the expression of Bad, Bim and Mcl-1 impact apoptosis and ultimately contribute to tumor radioresistance.
Another possible regulatory mechanism might occur when the PI3-K/Akt and MAPK/ERKs pathways are activated by radiation, causing them to impact the DNA damage repair pathways in the nucleus. They especially influence the NHEJ pathway and the activities of DNA-PKcs, thereby modulating tumor radioresistance [66] [67] . Moreover, epidermal growth factor receptor or insulin-like growth factor receptor are directly involved in the process of NHEJ after translocation to the nucleus and affect DNA-PKcs activities also contributing to tumor radioresistance [68] [69] . In addition to participating in DDR, the TGFβ pathway is necessary for activating the ATM gene, which participates in two major repair pathways, including the NHEJ and HR pathways, during the occurrence of DNA DSBs, corresponding with tumor radioresistance [70] [71] .
Because of the intense focus on regulatory mechanisms of radio-related signal transduction pathways, many therapeutic methods are emerging to improve tumor radiosensitivity and reduce tumor radioresistance. One idea is to use small molecule inhibitors to block the activity of proteins in numerous signal transduction pathways. Representative approaches include using antibodies or kinase inhibitors to interfere with the function of epidermal growth factor receptor or insulin-like growth factor receptor kinase activity [72] [73] , or combining small molecule inhibitors, siRNAs or miRNAs to suppress the function of crucial signaling pathways, such as PI3-K, Akt, MAPK, NF-κB or TGFβ [74] . Adopting these methods should promote apoptosis, reduce DNA damage repair, improve the hypoxic state of the TME, increase perfusion and concentration of oxygen in tumor tissues and enhance tumor radiosensitivity and radiotherapeutic effects.
Studies show that miRNA is involved in the regulation of the four classical radio-related signaling pathways as indicated earlier. Specifically, miRNAs participate in the control of Akt activation and miR-21, miR-26, miR-221/222, miR-216a/217 and miR-486 jointly regulate the expression of PTEN, a tumor suppressor gene upstream of Akt. Furthermore, miR-155, miR-205 and miR-375 separately regulate the expression of the SHIP and PDK1 genes, which closely correlates with Akt activation. Moreover, miR-126 and miR-320 control PI3-K expression, affect the downstream activities of PIP3 and influence total and phosphorylated Akt protein levels [75] [76] . MyoD and MRTF-A bind to the promoter region of miR-486 and further activate transcription of this miRNA. Mature miR-486 directly inhibits the translation of two crucial negative regulators, PTEN and Foxo1a, in the PI3-K/Akt pathway, and contributes to Akt phosphorylation and activation of this pathway. In addition, Akt activation promotes the phosphorylation of the negative regulator, GSK3β, and restrains the activity of Foxo1a, ensuring a constant active state of the PI3-K/Akt pathway [77] . MiR-221 and miR-222 target the PTEN gene and regulate PTEN protein expression, thus modulating growth, proliferation, apoptosis, invasion, metastasis and radiosensitivity of tumor cells. Thus, inhibiting miR-221 and miR-222 expression effectively blocks downstream signaling pathways and should be a promising therapy against cancer [78] . 
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MiR-17-5p is overexpressed and acts as an oncogene to facilitate tumor cell proliferation and metastasis. The regulatory mechanism of miR-17-5p is associated with p38 MAPK activation and increased phosphorylation of heat shock protein 27. Furthermore, the signal transduction pathway of miR-17-5p-p38-heat shock protein 27 has been established, and the p38 MAPK pathway was confirmed to play a role in the phosphorylation of heat shock protein 27 induced by miR-17-5p, which all promote tumor invasion and metastasis. The crucial role of miR-17-5p in tumorigenesis indicates that miR-17-5p can act as a potential therapeutic target to enhance cancer treatment [79] . Multiple miRNAs are involved in regulating NF-κB signaling. Upstream of NF-κB, the subunit IκB is negatively regulated by IKKε, IKKβ, IKKα and IKKζ. In turn, IKKε is under the negative control of miR-155 and IKKβ is negatively controlled by miR-520h and miR-199a. IKKα is negatively controlled by miR-223, miR-15 and miR-16, and IKKζ is under the negative control of miR-124a. Meanwhile, the subunit p50 of NF-κB is negatively regulated by miR-9 and miR-218 and miR-301a indirectly controls the expression of p50 by targeting NKRF (NF-κB repressing factor). Activation of subunits p50 and p65 initiates the expression of various downstream miRNAs, including miR-301a, miR-28, miR-21, miR-29b, miR-146 and miR-143. Overall, the interactions between miRNA and the network of the NF-κB pathway demonstrate that miRNA plays an essential role in the activation and function of NF-κB, and the interplay and crosstalk among these molecules promote tumor initiation and progression [80] .
Regulatory mechanism of miRNA in the tumor microenvironment
Tumor radiosensitivity is influenced by intrinsic factors like genetic variations and extrinsic factors like TME, in which hypoxia and angiogenesis are two factors that determine whether cancer cells are radiosensitive. Severely hypoxic tumor cells require a 2-3-fold higher dose of radiation compared with normal oxygenated cells to achieve the same killing effect [81] [82] . In the TME, vascular endothelial growth factor (VEGF) and HIF-1 are two crucial factors that play a role in tumor radiosensitivity [83] [84] . VEGF expression leads to blood vessel hyperproliferation, which improves tumor oxygenation. However, VEGF also increases vascular permeability. Thus, even though VEGF expression is high, tumor tissues still have regions of hypoxia and, therefore, inhibition of VEGF expression controls tumor cell proliferation after radiotherapy [85] .
Hypoxia-induced signal transduction pathways are commonly activated and hypoxia modulates the activities of HIF-1, resulting in regulation of >100 target genes involved in tumor metabolism, proliferation, apoptosis and angiogenesis [86] [87] . HIF-1 expression impacts tumor radiosensitivity, but the degree of influence varies by tumor type and other factors. Close interplay occurs between the HIF-1 activities and tumor radiosensitivity. Radiotherapy can lead to the activation of the HIF-1 pathway, and HIF-1 expression conversely affects the tumor radiation response and tumor clonogenicity capacity [88] [89] . Additionally, inhibiting tumor angiogenesis with therapeutic drugs targeting VEGF, adopting anti-HIF-1 therapy or repressing the function of TME-related signaling pathways like EGFR/PI3-K/Akt or PI3-K/Akt/mTOR, will increase blood flow and oxygen concentration of tumor tissues, improve the state of the TME and elevate tumor radiosensitivity [90] [91] [92] .
MiRNA plays a key role in the regulation of TME. MiR-210 acts as a unique and pleiotropic hypoxia-related 'hypoxamir' influencing numerous processes in hypoxia, including tissue ischemia, inflammation and carcinogenesis, proliferation and cell death. Notably, miR-210 facilitates tumor proliferation by activating cell cycle checkpoint and inhibits tumor cell death by decreasing Fig. 2 . MiRNA is involved in the regulation of tumor microenvironment (TME). Tumor radiosensitivity is influenced by intrinsic factors like genetic variations and extrinsic factors like TME, in which hypoxia and angiogenesis are two essential factors that determine whether cancer cells are radiosensitive. In the TME, vascular endothelial growth factor (VEGF) and hypoxia inducible factor-1 (HIF-1) are two crucial factors that play an important role in tumor radiosensitivity by changing blood flow and oxygen concentration of tumor tissues. TME-related signaling pathways like the EGFR/PI3-K/Akt and PI3-K/ Akt/mTOR pathways can also improve the TME and elevate tumor radiosensitivity. Moreover, miRNA regulates VEGF and HIF-1 expression, and affects the function of TME-related signal transduction pathways. Conversely, in hypoxia, the expression of some hypoxia-related microRNAs is induced, activating their downstream genes involved in DDR and repair influencing radiosensitivity.
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the activity of caspase-8 or lowering the level of reactive oxygen species encouraging tumor cell immortality [93] [94] [95] . MiR-210 may also control the DNA damage repair capacity of tumor cells during hypoxia because hypoxia can boost the genomic instability of tumor cells and miR-210 targets DNA damage repair factor RAD52 to assist the repair of DNA DSBs. Another HIF-dependent miRNA, miR-373, downregulates the expression of RAD23B, affecting the recognition role of the XPC/RAD23B complex during DDR [34, 93, 96] .
Additional findings confirm that miR-21 is associated with tumor growth and metastasis. By targeting the PTEN gene, miR-21 activates the Akt and ERK1/2 signaling pathways and leads to increased HIF-1α and VEGF expression, thereby facilitating tumor angiogenesis. Using inhibitors aimed at the Akt or ERK pathways suppresses angiogenesis and inhibits HIF-1α and VEGF expression. Overall, HIF-1α acts as a key regulator downstream of miR-21 playing a role in tumor angiogenesis and metastasis [97] . Meanwhile, miR-22 exhibits a low level of expression and upregulates HIF-1α expression and hypoxia-induced signal transduction pathways to promote tumor angiogenesis. Conversely, increasing miR-22 expression represses HIF-1α and VEGF expression under hypoxic conditions and leads to inhibition of angiogenesis. Thus, miR-22 alters blood flow and oxygen concentration around the tumor tissue and impacts the radiosensitivity of tumor cells [98] . Understanding the regulatory mechanisms of miRNA in tumor angiogenesis and hypoxia in the TME could lead to enhanced tumor radiosensitivity (Figure 2) .
MiRNA also plays an active role in uncontrollable inflammation and the transition between inflammation and carcinogenesis and tumor metabolism, including aerobic glycolysis and oxidative phosphorylation, which are closely associated with tumor radiosensitivity or radioresistance [99] [100] [101] . Consequently, radio-related miRNAs modulate tumor radiosensitivity from a variety of aspects utilizing multiple approaches in complex layers with numerous targets.
Clinical perspective of miRNA in tumor radiotherapy
The regulatory role of miRNA in tumor radiosensitivity will probably be exploited in clinical therapies in the near future. The imaginative framework might include numerous steps. First, before tumor patients are treated with radiotherapy, the expression spectrum of radio-related miRNA in serum would be evaluated to (i) predict the radiation response of each patient, (ii) determine the personalized radiation dose for optimizing the therapeutic effects, and (iii) maximally reduce the acute and latent damage of normal tissues. Second, during the process of radiotherapy, checking the expression spectrum of radio-specific and dominant miRNAs in serum and altering the expression of specific miRNAs could help to efficiently achieve the desired effect of radiotherapy and further promote tumor radiosensitivity. Third, during the therapeutic period of radiation, radiotherapy can be combined with other chemotherapy drugs, small molecule inhibitors and drugs aimed at specific miRNAs in order to enhance the genetic instability of tumor cells, increase the killing rate of radiation and boost the overall effect of radiotherapy. Finally, when radiotherapy is complete, regularly detecting the expression of prognostic miRNAs in serum could help to monitor the therapeutic effect of radiation and reduce the risk of metastasis and cancer recurrence (Figure 3) .
Discovering the role of miRNA in regulating tumor radiosensitivity, promotes the possibility that miRNA will be a promising target for clinical diagnosis and treatment. Achieving non-invasive detection of tumor radiosensitivity by using radio-specific miRNAs as biomarkers in serum is highly possible. In addition, the potential possibility to improve the radiotherapeutic effect by activating or inhibiting the expression of certain miRNAs and downstream target genes is extremely promising.
Conclusions
The regulatory mechanisms and role of radio-related miRNAs in tumor radiosensitivity are illustrated (Figure 4 and Supplementary Table 1 , available at Carcinogenesis Online). Studies focusing on the role and regulation of miRNAs have become a hot topic in the cancer research field. Notably, miRNAs play a crucial role in various biological processes and in the initiation and development of cancer. Research studies focusing on miRNA cover many aspects of carcinogenesis, especially in the tumor therapeutic field, where more and more attention and insight have been centered on the regulatory mechanisms of miRNA in tumor radiotherapy. A thorough understanding of tumor radiosensitivity and the regulatory mechanisms of miRNA will not only provide new directions and insights to ultimately improve the radiotherapeutic effect but also bring new hope to more cancer patients. For future clinical radiotherapy, the diverse expression spectrum of radio-related miRNAs in serum can be assessed and monitored before radiotherapy, during radiotherapy and after radiotherapy to boost the therapeutic effect of radiotherapy and improve the overall survival rate of tumor patients.
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Supplementary material
Supplementary Table 1 can be found at http://carcin.oxfordjournals.org/ Fig. 4 . A regulatory mechanism map of miRNA in tumor radiosensitivity. MiRNA regulates every aspect of tumor radiotherapy and tumor radiosensitivity by affecting the function of multiple key factors involved in DNA damage repair, cell cycle checkpoint, apoptosis, radio-related signal transduction pathways and TME.
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